The serine/threonine kinase mammalian/mechanistic target of rapamycin (mTOR) integrates various environmental cues such as the presence of antigen, inflammation, and nutrients to regulate T cell growth, metabolism, and function. The tuberous sclerosis 1 (TSC1)/TSC2 complex negatively regulates the activity of an mTOR-containing multiprotein complex called mTOR complex 1. Recent studies have revealed an essential cell-intrinsic role for TSC1 in T cell survival, quiescence, and mitochondrial homeostasis. Given the emerging role of mTOR activity in the regulation of the quantity and quality of CD8 T cell responses, in this study, we examine the role of its suppressor, TSC1, in the regulation of antigen-specific primary and memory CD8 T cell responses to bacterial infection. Using an established model system of transgenic CD8 cell adoptive transfer and challenge with Listeria monocytogenes expressing a cognate antigen, we found that TSC1 deficiency impairs antigen-specific CD8 T cell responses, resulting in weak expansion, exaggerated contraction, and poor memory generation. Poor expansion of TSC1-deficient cells was associated with defects in survival and proliferation in vivo, while enhanced contraction was correlated with an increased ratio of short-lived effectors to memory precursors in the effector cell population. This perturbation of effector-memory differentiation was concomitant with decreased expression of eomesodermin among activated TSC1 knockout cells. Upon competitive adoptive transfer with wild-type counterparts and antigen rechallenge, TSC1-deficient memory cells showed moderate defects in expansion but not cytokine production. Taken together, these findings provide direct evidence of a CD8 T cell-intrinsic role for TSC1 in the regulation of antigen-specific primary and memory responses.
C D8 T cells play a critical role in clearing several types of microbial infections by mounting robust cytotoxic T lymphocyte (CTL) responses that kill infected cells. A typical CTL response is characterized by the presence of an effector phase, a contraction phase, and a memory maintenance phase (1, 2) . During the expansion phase, naive CD8 cells are activated by antigenpresenting cells (APCs) in secondary lymphoid organs and undergo rapid clonal expansion. At the peak of the response, the population of CD8 effectors is heterogeneous and consists of a majority of short-lived effector cells (SLECs) and a small pool of memory-precursor effector cells (MPECs) (3, 4) . Following antigen clearance, 90 to 95% of the CD8 effectors undergo apoptosis during the contraction phase (5, 6) . At this stage, MPECs are thought to preferentially contribute to the formation of a small but stable population of long-lived memory cells. These memory cells are capable of self-renewal in response to cytokines such as interleukin-15 (IL-15) and respond more rapidly than naive cells to antigen reexposure (7) . A number of studies have correlated the kinetics of CD8 responses with external factors like the duration of antigen availability and the presence of costimulation (6, 8) . More recently, a role for T cell receptor (TCR)-mediated signaling (9, 10) and cytokine-mediated signaling (11, 12) in shaping primary and memory CD8 responses has also come to the fore. However, the signaling mechanisms that integrate these diverse extracellular cues to modulate the magnitude and quality of CD8 immune responses remain to be fully understood.
The mammalian/mechanistic target of rapamycin (mTOR), an evolutionarily conserved serine/threonine kinase, plays a critical role in integrating environmental signals such as the presence of amino acids, nutrients, growth factors, and cytokines to determine cell growth and metabolic outcomes in eukaryotic cells (13, 14) . Within the cell, mTOR exists as a part of two distinct multi-protein complexes called mTOR complex 1 (mTORc1) and mTORc2 (15) . Recent studies have elegantly demonstrated that mTOR regulates a number of key aspects of T cell biology, including CD4 T helper cell differentiation and CD8 cell effector-memory differentiation (16) (17) (18) (19) (20) (21) (22) , invariant NKT (iNKT) cell development and function (23) , and regulatory T cell function (24) . In particular, treatment with the mTORc1 inhibitor rapamycin increases the number of MPECs during the expansion phase and accelerates memory cell differentiation during the contraction phase in a viral infection model, suggesting that mTORc1 activity may negatively regulate these processes (17) . Ex vivo, the temporal kinetics of mTORc1 activity during CD8 cell activation were found to play a critical role in determining effector versus memory fate by differentially regulating the expression of the T-box family transcription factors T-box expressed in T cells (T-bet) and eomesodermin (Eomes) (18) . Other studies have also demonstrated a role for mTOR in the regulation of CD8 effector versus memory differentiation in vivo under conditions of homeostatic proliferation (25, 26) .
The tuberous sclerosis (TSC) complex, a heterodimer of the tumor suppressor proteins TSC1 and TSC2, is an upstream negative regulator of mTORc1 activity (27) . While TSC2 possesses GTPase-activating protein (GAP) activity, TSC1 is required to stabilize TSC2 and prevent its ubiquitin-mediated degradation (28, 29) . Under resting conditions, the GAP activity of the TSC complex maintains the Ras family GTPase Rheb (Ras homolog enriched in brain) in an inactive, GDP-bound form. In the presence of nutrients, growth factors, or cytokines, receptor-mediated signals inhibit TSC activity and active GTP-bound Rheb promotes mTORc1 activity by stimulating mTOR phosphorylation at Ser2448 (30, 31) . Several recent studies have demonstrated a vital role for TSC1 in T cell quiescence, survival, and mitochondrial homeostasis (32) (33) (34) (35) . Mice with a conditional deficiency of TSC1 in T cells showed a dramatic reduction of CD4 and CD8 cell numbers in the spleen, correlating with enhanced apoptosis via the intrinsic pathway. This was accompanied by hyperresponsiveness to TCR stimulation and a cell-autonomous loss of T cell quiescence. In addition, TSC1 has been shown to play an important role in terminal maturation and effector fate decision of the iNKT cells (36) , iNKT cell anergy and anti-tumor immunity (37) , regulatory T cell function (38) , B cell development (39) , innate immune responses and antigen presentation (40, 41) , and mast cell survival and function (42) . Given that mTORc1 activity plays a crucial role in effector/memory lineage decisions of CD8 cells, we examined the role of its regulator TSC1 in antigen-specific primary and memory CD8 responses. Preliminary results from a previous study suggest that TSC1 flox/flox (TSC1 f/f ) CD4Cre mice contained fewer antigen-reactive CD8 cells and fewer gamma interferon (IFN-␥)-producing CD8 cells than their wild-type (WT) counterparts upon bacterial infection (33) . However, since TSC1 f/f CD4Cre mice have fewer mature T cells, a lower frequency of naive cells and a higher frequency of apoptotic T cells (than WT mice) prior to infection, these results have proven difficult to interpret.
Here we used a model of TCR-transgenic CD8 cell adoptive transfer, followed by infection with Listeria monocytogenes expressing a cognate antigen (43) , to investigate a T cell-intrinsic role for TSC1 in the regulation of antigen-specific CD8 responses. The OT1 TCR contains V␣2 and V␤5 variable segments and recognizes the SIINFEKL (OVA 257-264 ) epitope of ovalbumin presented on H-2K b . Using both individual and competitive adoptive transfers with WT cells, we showed that TSC1 deficiency impairs antigen-specific primary CD8 responses. Fewer TSC1-deficient CD8 cells than WT cells were present at the peak of the response, correlating with defects in in vivo proliferation and survival during the expansion phase. The TSC1 knockout (KO) population contained an increased ratio of SLECs to MPECs at the peak of the response, correlating with enhanced contraction. Upon competitive adoptive transfer of memory cells, fewer TSC1-deficient memory cells than WT memory cells were present at days 6 and 7 postchallenge, suggesting that TSC1 deficiency may also affect the quality of the memory cells formed. Taken together, our findings demonstrate a previously unknown role for TSC1 in the regulation of the kinetics of antigen-specific primary and memory CD8 responses by repressing cell death, promoting proliferation, and regulating effector-memory differentiation.
MATERIALS AND METHODS
Mice. TSC1 f/f mice and OT1 mice were obtained from The Jackson Laboratory, while CD4Cre mice were obtained from Taconic Farms. Mice were housed under specific-pathogen-free conditions and used in accordance with National Institutes of Health guidelines. The experiments de-scribed here were approved by the Institutional Animal Care and Use Committee of Duke University.
Flow cytometry. Standard protocols were used to prepare single-cell suspensions from thymus, spleen, and lymph node samples from mice (in Iscove's modified Dulbecco medium containing 10% fetal bovine serum [FBS] and antibiotics). Red blood cells (RBCs) were lysed with ammonium-chloride-potassium (ACK) buffer. Samples were subsequently stained with antibodies in phosphate-buffered saline (PBS) containing 2% FBS, collected on a BD FACSCanto II cytometer, and analyzed with TreeStar FlowJo software. Fluorochrome-conjugated antibodies against CD8, V␣2, CD45.1, CD45.2, CD69, KLRG1, IL-7R␣, T-bet, Eomes, IFN-␥, and tumor necrosis factor alpha (TNF-␣) were purchased from BioLegend. Bromodeoxyuridine (BrdU) incorporation assays were performed with a BD BioSciences kit as discussed below. 7-Aminoactinomycin D (7-AAD; Invitrogen) was added to the samples shortly before collection.
Adoptive transfer and infection with L. monocytogenes expressing ovalbumin. Enrichment of V␣2 ϩ cells from spleen and lymph node samples of congenically marked WT OT1 and TSC1 f/f CD4Cre OT1 mice was performed with Miltenyi Biotec LS columns. Cells were incubated first with V␣2-phycoerythrin (PE) antibodies and then with anti-PE magnetic beads to isolate V␣2 ϩ cells according to the manufacturer's protocol. Enriched samples were stained with appropriate antibodies and sorted on a MoFlo Astrios or FACSDiva sorter to obtain viable naive OT1 cells
For individual adoptive-transfer experiments, 10 4 such naive WT OT1 (CD45.2) or TSC1 f/f CD4Cre OT1 cells (CD45.2) were transferred into WT CD45.1 CD45.2 recipients by intravenous injection. For competitive adoptive transfers, equal numbers of naive WT OT1 (CD45.1) and TSC1 f/f CD4Cre OT1 (CD45.2) cells were mixed and 10 4 cells from this mixture were adoptively transferred into WT CD45.1 CD45.2 recipients by intravenous injection. In both cases, recipients were infected after 24 h with 10 4 CFU of L. monocytogenes expressing recombinant ovalbumin (Lm-Ova) (44, 45) . Peripheral blood samples were collected in PBS containing 5 mM EDTA at 1, 2, 4, and 7 weeks postinfection. RBCs were lysed by ACK treatment, and samples were stained with fluorochrome-conjugated antibodies for analysis by flow cytometry. At certain time points, mice were sacrificed to monitor the CD8 response in the spleen.
The following gating strategy was applied. First, CD8 ϩ V␣2 ϩ cells were distinguished from among the total peripheral blood mononuclear cells (PBMCs) or splenocytes of the recipient. This CD8 ϩ V␣2 ϩ population contains adoptively transferred OT1 cells, as well as endogenous (belonging to the recipient mouse) CD8 cells that use V␣2. Next, the expression of congenic markers (CD45.1 and CD45.2) within this gated CD8 ϩ V␣2 ϩ population was analyzed in order to distinguish adoptively transferred cells from the endogenous population. Since recipient mice expressed both CD45.1 and CD45.2, the CD45.1 ϩ CD45.2 ϩ population represents the endogenous CD8 ϩ V␣2 ϩ cells. In the case of individual adoptive transfers, the adoptively transferred cells (either WT OT1 or TSC1 f/f CD4Cre OT1) were CD45.1 Ϫ CD45.2 ϩ . In the case of competitive adoptive transfers, the WT OT1 cells were CD45.1 ϩ CD45.2 Ϫ and the TSC1 f/f CD4Cre OT1 cells were CD45.1 Ϫ CD45.2 ϩ . Further calculations were performed as follows. For example, in competitive-transfer experiments, the percentage of WT OT1 cells among the total PBMCs was calculated as a product of the percentage of CD8 ϩ V␣2 ϩ cells among the total PBMCs and the percentage of CD45.1 ϩ CD45.2 Ϫ cells within the gated CD8 ϩ V␣2 ϩ population.
To investigate memory responses, WT OT1 (CD45.1) and TSC1 f/f CD4Cre OT1 (CD45.2) memory cells (7AAD Ϫ CD8 ϩ V␣2 ϩ CD44 hi ) were sorted from recipients beyond 7 weeks postinfection. These cells were adoptively transferred into naive WT (CD45.1 CD45.2) recipients that were then challenged with 10 5 CFU of Lm-Ova. Expansion of memory cells in the spleen and peripheral blood was examined at days 6 and 7 postchallenge.
T cell activation and proliferation assays. Splenocytes from TCR␤ Ϫ/Ϫ ␦ Ϫ/Ϫ mice were loaded with 10 M SIINFEKL (OVA 257-264 ) peptide, incubated for 2 h at 37°C, and subsequently treated with 25 g/ml mitomycin C to prevent cell division. Cells were washed repeatedly to remove excess mitomycin C before subsequent coculture. TCR␤ Ϫ/Ϫ ␦ Ϫ/Ϫ splenocytes that were not loaded with SIINFEKL peptide but simply treated with mitomycin C were used as controls. For overnight activation, 0.2 ϫ 10 6 naive OT1 cells were plated with 0.2 ϫ 10 6 peptide-loaded or control APCs in 96-well plates and incubated for 16 to 18 h at 37°C. Surface expression of CD69 on viable CD8 ϩ V␣2 ϩ cells was analyzed by flow cytometry after staining with fluorochrome-conjugated antibodies. In some experiments, 5 ϫ 10 6 splenocytes were incubated with different concentrations of SIINFEKL peptide in the present of GolgiPlug for 4 h, and frequencies of IFN-␥-and TNF-␣-producing CD8 ϩ V␣2 ϩ T cells were analyzed by flow cytometry after intracellular staining with fluorochrome-conjugated antibodies. For proliferation assays, naive OT1 cells were first labeled with 10 M carboxyfluorescein succinimidyl ester (CFSE) for 9 min at room temperature. About 0.4 ϫ 10 6 CFSE-labeled OT1 cells were incubated with 0.8 ϫ 10 6 peptide-loaded or control APCs in 48-well plates for 65 to 72 h at 37°C. After staining with fluorochromeconjugated antibodies, the CFSE dilution among viable V␣2 ϩ CD8 cells was analyzed by flow cytometry as a measure of cell division.
In vivo BrdU incorporation assay. In vivo labeling of cells with BrdU was performed with the BD Biosciences BrdU Flow kit. Briefly, recipient mice received 1.5 mg of BrdU in PBS via intraperitoneal injection on day 5 postinfection. Peripheral blood samples were collected and mice were sacrificed at 16 h postinjection of BrdU. Single-cell suspensions of peripheral blood and spleen samples were stained for surface markers with fluorochrome-conjugated antibodies. Cells were subsequently fixed (BD Cytofix/Cytoperm buffer), permeabilized (BD Cytoperm Plus buffer), refixed (BD Cytofix/Cytoperm buffer), and treated with 300 g/ml DNase for 1 h at 37°C according to the manufacturer's protocol. Following DNase treatment, intracellular staining was performed with an anti-BrdU antibody and samples were analyzed by flow cytometry.
Real-time quantitative PCR. Viable naive OT1 cells (7AAD Ϫ CD8 ϩ V␣2 ϩ CD44 lo CD62L hi ) were sorted from spleen and lymph node samples of WT OT1 and TSC1 f/f CD4Cre OT1 mice, and viable effector cells
were sorted at 7 days postinfection from recipients that received WT or TSC1 f/f CD4Cre OT1 cells. Sorted cells were immediately lysed in TRIzol for RNA preparation. cDNA was made with the iScript Select cDNA synthesis kit (Bio-Rad) according to the manufacturer's protocol. Real-time quantitative PCR was conducted and analyzed as previously described (42) . Expressed levels of target mRNAs were normalized to ␤-actin and calculated by the 2 Ϫ⌬⌬CT method. The primers used were as follows: T-bet forward, 5=-GGTGTCT GGGAAGCTGAGAG-3=; T-bet reverse, 5=-GAAGGACAGGAATGGGA ACA-3=; Eomes forward, 5=-CCCTATGGCTCAAATTCCAC-3=; Eomes reverse, 5=-TGGGGTTGAGTCCGTTTATG-3=; prdm1 forward, 5=-TGG TATTGTCGGGACTTTGC-3=; prdm1 reverse, 5=-TGGGGACACTCTT TGGGTAG-3=; Bcl-2 forward, 5=-CCGGGAGAACAGGGTATGAT-3=; Bcl-2 reverse, 5=-GCACAGCGGGCATTGGGTTG-3=; Bcl-xL forward, 5=-GGTGAGTCGGATTGCAAGTT-3=; Bcl-xL reverse, 5=-TGTTCCCGT AGAGATCCACA-3=; Bad forward, 5=-GCACACGCCCTAGGCTTGAG G-3=; Bad reverse, 5=-GGAACATACTCTGGGCTGCTGGTC-3=; Bax forward, 5=-TGCTACAGGGTTTCATCCAGGATCG-3=; Bax reverse, 5=-TC ATCTCCAATTCGCCGGAGACA-3=; ␤-actin forward, 5=-TGTCCACCT TCCAGCAGATGT-3=; ␤-actin reverse, 5=-AGCTCAGTAACAGTCCGC CTAGA-3=.
Statistical analysis. Statistical significance was determined with the Student t test. P values are indicated as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
RESULTS

TSC1 deficiency impairs antigen-specific CD8 responses in vivo.
To better understand the role of TSC1 in the regulation of CD8 T cell-mediated immunity, we generated T cell-specific TSC1-deficient mice carrying the OT1 TCR (TSC1 f/f CD4Cre OT1 mice). Naive OT1 cells (CD44 lo CD62L hi V␣2 ϩ CD8 ϩ ) from TSC1 KO OT1 mice expressed low levels of the activation makers CD25 and CD69 similar to those of their naive counterparts from WT OT1 controls. Expression of IL-7 receptor ␣ (CD127) was also similar between naive WT and TSC1 KO OT1 T cells, while IL-15R ␤ (CD122) expression was slightly increased in TSC1 KO OT1 T cells. In addition, expression of the prosurvival genes for Bcl-2 and Bcl-xL and the proapoptosis genes for Bad and Bax was not obviously different between naive WT and TSC1 KO OT1 T cells ( Fig.  1B) . T-bet and Eomes are two transcription factors that play important roles in effector/memory T cell differentiation. Although T-bet expression was about 60% lower in naive TSC1 KO OT1 T cells than in their naive WT OT1 counterparts, their Eomes mRNA levels were found to be similar.
To examine how TSC1 may control CD8 T cell-mediated immune responses in vivo, we adoptively transferred 10 4 naive CD44 lo CD62L hi V␣2 ϩ CD8 T cells from WT OT1 or TSC1 f/f CD4Cre OT1 donors (CD45.2 ϩ ) into congenically marked WT recipients (CD45.1 ϩ CD45.2 ϩ ). The recipient mice were subsequently infected with Lm-Ova ( Fig. 2A ). Adoptively transferred cells were tracked in the peripheral blood at 1, 2, 4, and 7 weeks postinfection by flow cytometry based on their congenic markers. In our analysis, we first gated on the V␣2 ϩ CD8 ϩ population, which contains both adoptively transferred OT1 cells and the recipient's endogenous CD8 cells that use V␣2 (Fig. 2B, top) . When we examined the expression of congenic markers within this gated V␣2 ϩ CD8 ϩ population, adoptively transferred cells formed a distinct CD45.1 Ϫ CD45.2 ϩ population that was readily distinguishable from CD45.1 ϩ CD45.2 ϩ endogenous cells (Fig. 2B , bottom). As explained in Materials and Methods, the percentage of WT OT1 (or TSC1 f/f CD4Cre OT1) cells among the total PBMCs was calculated as a product of the percentage of V␣2 ϩ CD8 ϩ cells among the total PBMCs and the percentage of adoptively transferred cells (CD45.1 Ϫ CD45.2 ϩ ) within the gated V␣2 ϩ CD8 ϩ population. Results from these flow cytometric analyses showed that adoptively transferred WT cells underwent robust clonal exanalysis of peripheral blood samples showing percentages of V␣2 ϩ CD8 cells among the total PBMCs (top). The analysis on the bottom was gated on this V␣2 ϩ CD8 ϩ population, and the adoptively transferred (CD45.1 Ϫ CD45.2 ϩ ) and endogenous (CD45.1 ϩ CD45.2 ϩ ) populations at the postinfection times indicated are shown. (C) Percentages of WT and TSC1 KO cells among the total PBMCs at the postinfection times indicated. The percentage of WT cells, for instance, was calculated as a product of the percentage of V␣2 ϩ CD8 ϩ cells among the total PBMCs and the percentage of WT cells (CD45.1 Ϫ CD45.2 ϩ ) within the V␣2 ϩ CD8 ϩ population. The mean Ϯ the standard error of the mean was calculated for five mice per group. The data shown are representative of three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 (Student t test). pansion, reaching peak numbers at week 1, and declined rapidly thereafter, leaving behind a stable pool of memory cells ( Fig. 2B and C). The frequency of TSC1 KO OT1 cells, however, was significantly lower than that of their WT OT1 counterparts at all time points, suggesting that TSC1 deficiency may impair the ability of CD8 cells to mount a robust response to antigens. The reduced frequency of TSC1 KO cells at week 1 and later time points suggests that TSC1 may be required for optimal clonal expansion and memory formation/maintenance, respectively.
To account for possible differences in antigen clearance and to measure the responses of WT and TSC1 KO OT1 cells in the same host, we next performed competitive adoptive-transfer experiments. In these experiments, a mixture containing equal numbers of WT OT1 (CD45.1 ϩ ) and TSC1 f/f CD4Cre OT1 (CD45.2 ϩ ) cells was injected into each WT (CD45.1 ϩ CD45.2 ϩ ) recipient ( Fig. 3A  and B ). Impairment of the TSC1 KO CD8 response was more striking in the competitive model, with nearly four times as many WT cells as TSC1 KO cells being present among PBMCs at week 1 (Fig. 3C and D) . This trend should perhaps not be surprising, given that TSC1 KO OT1 cells compete for antigen with an equal number of WT OT1 cells in the mixed-transfer system, as opposed to a rare population of endogenous T cells bearing V␣2 ϩ V␤5 ϩ TCRs in the individual-transfer system. The TSC1 KO population also contracted dramatically, becoming less frequent than endogenous V␣2 ϩ CD8 cells by week 2 (Fig. 3C ). This was correlated with a marked paucity of TSC1 KO memory cells, as seen at weeks 4 and 7. At 7 weeks, the TSC1 KO memory cell population contained a slightly smaller central memory compartment and a slightly larger effector memory compartment than the WT memory cell population (Fig. 3E ).
One scenario that could lead to lower TSC1 KO OT1 T cell numbers on day 7 after Lm-Ova infection is the following. If TSC1 KO OT1 cells underwent accelerated expansion, reaching peak responses well before day 7, early onset of contraction could result in lower TSC1 KO OT1 cell numbers on day 7. To investigate this possibility, we analyzed the WT and TSC1 KO OT1 populations at the early time point of day 4 postinfection. The percentages and absolute numbers of TSC1 KO OT1 T cells were about 60 to 70% lower than WT OT1 T cells on day 4 after Lm-Ova infection, arguing against the idea of an early peak response for TSC1 KO OT1 cells and suggesting that TSC1 KO OT1 T cells indeed show impaired antigen-specific expansion (Fig. 4A ). At this time point, the TSC1 KO OT1 T cells expressed elevated CD25, CD69, and CD122 levels similar to those of WT OT1 T cells (Fig. 4B) , indicating that the upregulation of these activation makers is not affected in OT1 T cells in the absence of TSC1. However, fewer TSC1 KO OT1 T cells than WT OT1 T cells expressed IFN-␥ or TNF-␣ following ex vivo stimulation with SIINFEKL peptide for 5 h (Fig.  4C ), suggesting a compromised effector function. These data underscore the finding that even at early time points, TSC1-deficient OT1 T cells fail to mount a robust response to Lm-Ova infection.
Taken together, results from the individual and competitive adoptive-transfer systems suggest that TSC1 may play a critical cell-intrinsic role during both the expansion and contraction phases of antigen-specific CD8 responses.
Loss of TSC1 diminishes CD8 cell proliferation in vivo.
We sought to determine if the loss of TSC1 could affect the proliferative capacity of CD8 cells. To this end, we first cultured naive WT and TSC1 KO OT1 cells ex vivo with APCs that were either not loaded (unstimulated) or loaded with the SIINFEKL peptide (peptide stimulated). Upon overnight culture, WT and TSC1 KO cells showed comparable upregulation of CD69 (Fig. 5A ). We also examined the ability of TSC1 KO OT1 cells to proliferate in response to peptide stimulation ex vivo by culturing CFSE-labeled naive WT and TSC1 KO OT1 cells with APCs that were not loaded or SIINFKL loaded for a period of 65 to 72 h. Analysis of CFSE dilution among OT1 cells by flow cytometry revealed that WT and TSC1 KO cells had undergone comparable rounds of cell division (Fig. 5B ). Together, these results suggest that loss of TSC1 may not affect T cell activation or proliferation ex vivo.
To determine if WT and TSC1 KO OT1 cells proliferate com-parably in vivo, we analyzed BrdU incorporation into these populations over a 16-h period during the expansion phase (on day 5 after Lm-Ova infection). Surprisingly, results from this experiment showed that a smaller pool of TSC1 KO cells than WT cells had proliferated during this period in both the peripheral blood and spleen ( Fig. 5C and D) . Consistent with these data, expression of Ki67, a marker of cell proliferation, was also reduced in TSC1 KO OT1 T cells on day 4 after Lm-Ova infection (Fig. 5E ). Perturbations in proliferation in vivo, but not ex vivo, suggest the possibility that TSC1 deficiency may somehow limit the ability of CD8 cells to access or respond to antigen in vivo. Enhanced CD8 cell death in the absence of TSC1. On the basis of results from previous studies that showed an increase in T cell apoptosis in the absence of TSC1, we hypothesized that enhanced cell death may also contribute to the poor expansion of TSC1 KO OT1 cells. To examine this possibility, we stained freshly isolated splenic and peripheral blood cells on day 6 postinfection with the exclusion dye 7AAD (Fig. 6A) . Flow cytometric analysis revealed that a greater proportion of TSC1 KO OT1 cells than WT OT1 cells failed to exclude 7AAD ( Fig. 6A and B) , indicating that enhanced cell death in the TSC1 KO population may also play a role in curtailing expansion.
TSC1 deficiency alters effector-memory differentiation and promotes contraction. Given that impaired expansion of TSC1 KO OT1 cells is associated with defective proliferation and enhanced cell death, we next sought to determine if the absence of TSC1 could affect the dynamics of the CD8 response by altering effector-memory differentiation. To examine if effector-memory differentiation is affected by the loss of TSC1, we performed competitive adoptive transfers and examined the frequency of SLECs and MPECs among the WT OT1 and TSC1 KO OT1 populations at the peak of the response. Flow cytometric analysis revealed that the TSC1-deficient population contained a higher ratio of SLECs (KLRG1 hi IL-7R␣ lo ) to MPECs (KLRG1 lo IL-7R␣ hi ) than the TSC1 sufficient population ( Fig. 7A and B ) both in the peripheral blood and the spleen. These results are consistent with those from previous studies, which showed that sustained mTORc1 activity promotes T-bet expression and effector differentiation (18) . We reasoned that a higher SLEC-to-MPEC ratio might be correlated with enhanced contraction. When we examined the frequency of cells surviving at week 2 postinfection as a percentage of the cells that were present at week 1, we found that only about 5% of the TSC1 KO cells survived the contraction phase, compared to more than 10% of the WT cells in peripheral blood (Fig. 7C ). A similar trend was observed in the spleen, and these findings together suggest that loss of TSC1 may promote CD8 contraction.
To better understand the mechanisms by which TSC1 regulates effector-memory differentiation, we examined the expression of the transcription factors T-bet and Eomes in WT and TSC1 KO OT1 cells. A bevy of elegant studies have revealed a complex interplay between these closely related T-box transcription factors in CTL differentiation. While T-bet and Eomes act redundantly to induce CD8 effector functions, they have also been shown to act reciprocally to drive effector and memory cell differentiation, respectively (46) . We found that Eomes mRNA levels were lower in TSC1 KO OT1 cells than those in WT controls at 7 days postin-fection. Although T-bet mRNA also appeared to be lower in TSC1 KO OT1 cells, this difference was not statistically significant ( Fig.  7D) . It is possible that this decreased Eomes expression contributes to the higher SLEC-to-MPEC ratio that was observed at the peak of the response (Fig. 7A and B ). Similar to but less severe than day 4 after Lm-Ova infection, fewer TSC1 KO OT1 cells than WT counterparts produced IFN-␥ (Fig. 7E) , which is also consistent with previous data reported by Yang et al. (33) . In sum, these observations suggest that loss of TSC1 may perturb effector-memory differentiation and enhance CD8 contraction in the Lm-Ova model.
Moderate impairment of CD8 memory responses in the absence of TSC1. To assess the quality of TSC1-deficient memory cells in terms of their ability to respond to antigen reexposure, we adoptively transferred a mixture containing equal numbers of WT OT1 (CD45.1 ϩ ) and TSC1 KO OT1 (CD45.2 ϩ ) memory cells into congenically marked naive WT recipients (CD45.1 ϩ CD45.2 ϩ ). These recipients were subsequently challenged with a 10-fold higher dose (compared to the primary response) of Lm-Ova, and the memory response was monitored in the peripheral blood and spleen on days 6 and 7 postchallenge. While the ratio of adoptively transferred WT and TSC1 KO memory cells was close to 1:1 (Fig. 8A) , flow cytometric analysis revealed a moderate reduction in TSC1 KO OT1 cell frequencies at days 6 and 7, compared to those of WT counterparts ( Fig. 8B and C) . These differences were more apparent in the spleen than in the peripheral blood, which is also supported by the increased ratios of WT to TSC1 KO OT1 cells in individual mice (Fig. 8D ). Both adoptively transferred WT and TSC1 KO OT1 cells displayed similarly high percentages of CD44 hi CD62L lo effector cells after Lm-Ova infection (Fig. 8E) . Moreover, ex vivo SIINFEKL stimulation of splenocytes at days 6 and 7 postinfection revealed no significant differences in the production of effector cytokines such as IFN-␥ and TNF-␣ (Fig. 8F ). Though TSC1 deficiency severely limits the quantity of memory formation during primary responses, these results suggest that its effects on memory cell quality might be subtler.
DISCUSSION
In this study, we demonstrated that loss of TSC1 in CD8 cells weakens antigen-specific primary CD8 responses. TSC1 KO CD8 cells showed poor expansion and an increased SLEC-to-MPEC ratio at the peak of the response, correlated with enhanced contraction and poor memory generation.
Our data suggest that impaired proliferation in vivo is a contributing factor in the decreased expansion of TSC1 KO CD8 cells in primary responses. Previous studies have examined a role for mTOR and TSC1 in the regulation of T cell proliferation. In ex vivo experiments, mTOR-deficient CD4 cells proliferated less than WT counterparts, and this defect was correlated with impaired upregulation of cyclin D3 expression (16) . Results from our ex vivo assays, in which naive WT and TSC1 KO OT1 cells were stimulated with Ova peptide-loaded APCs, closely mirrored those from previous studies in which polyclonal TSC1-deficient CD4 and CD8 cells were stimulated with anti-CD3 antibodies (32) . In both cases, TSC1-deficient cells did not show defects in proliferation and in fact appeared to proliferate slightly more than WT counterparts. Together, these results suggest that unlike a lack of mTOR activity, excessive mTOR activity may not be directly detrimental to T cell proliferation. Surprisingly, results from our in vivo BrdU incorporation and Ki67 staining experiments demonstrated a significant reduction in proliferating TSC1 KO OT1 cells during the expansion phase, suggesting that TSC1 may, in fact, regulate proliferation in vivo. One scenario that could reconcile these seemingly discrepant observations is that TSC1 deficiency might diminish the ability of CD8 cells to home to appropriate regions of secondary lymphoid organs and interact with APCs. This idea is supported by evidence that mTOR activity plays a role in downregulating the expression of CD62L and CCR7 (47) , an adhesion molecule and a chemokine receptor, respectively, that are critical for lymph node and splenic white pulp homing of T cells (48) (49) (50) . Further studies are required to test the hypothesis that chronic mTORc1 activity in TSC1-deficient CD8 cells can alter their trafficking patterns in a manner that limits interaction with APCs.
The propensity of TSC1 KO CD8 cells to undergo apoptosis may also contribute to impaired primary responses, accelerated contraction, and decreased memory formation of TSC1 KO CD8 cells following Lm-Ova infection. This observation is consistent with previous observations in different experimental settings (32, 33, 35) . While TSC1 deficiency enhances mTORc1 activity, previous studies have shown that it is also associated with decreased mTORc2-Akt activity in T cells (32, 33) . As an important prosurvival molecule, decreased Akt activity may contribute to impair CD8 cell responses. Additionally, TSC1-deficient T cells were shown to contain elevated reactive oxygen species and to exhibit decreased mitochondrial content and membrane potential, which may lead to the activation of the intrinsic death pathway. Though it stands to reason that increased mTORc1 activity might play a major role in perturbing antigen-specific CD8 responses in the absence of TSC1, further studies are required to dissect the contributions of the two mTOR complexes to the phenotype observed.
A complex interplay between the closely related transcription factors T-bet and Eomes underlies several aspects of CD8 cell function, including IFN-␥ production and effector-versus-mem- ory differentiation (51, 52) . T-bet and Eomes show functional homology in several aspects of T cell function (53) but are inversely regulated and thought to act antagonistically during CD8 differentiation. Although previous work has shown that IL-12, a hallmark cytokine of cell-mediated immunity, promotes T-bet expression and represses Eomes expression in CD8 cells during L. monocytogenes infection via enhanced mTOR signaling (18, 54, 55) , we have found that TSC1 deficiency and increased mTORc1 signaling cause decreased T-bet expression in CD8 cells. Consistently, TSC1 KO iNKT cells expressed reduced levels of T-bet and impaired IFN-␥-producing iNKT lineage differentiation (36) . Studies have shown that both T-bet and Eomes are important for IFN-␥ expression (56, 57) , and the reduced frequency of IFN-␥ production during primary responses may be associated with decreased T-bet in TSC1-deficient CD8 cells. Further studies are required to clearly define the molecular mechanisms by which TSC1 deficiency may modulate the complex transcriptional network to control CD8 effector-memory differentiation.
Although we sorted naive CD44 Ϫ CD62L hi OT1 T cells from TSC1 f/f CD4Cre OT1 mice for the adoptive-transfer experiments, these cells might already display certain differences from WT naive OT1 cells. For example, TSC1 KO naive OT1 T cells expressed slightly higher levels of CD122/IL-15R␤ than WT controls. IL-15 plays important roles not only in memory CD8 T cell expansion and maintenance but also in CD8 T cell primary expansion (58, 59) . Increased availability of IL-15 has been shown to delay contraction during primary CD8 T cell responses (60, 61) . These observations suggest that elevated CD122 expression in TSC1 KO naive CD8 T cells might not cause impaired expansion of these cells during primary responses. Nevertheless, future studies using inducible TSC1deficient OT1 T cells are needed to conclusively determine the contribution of upregulated expression of CD122 or abnormal expression of other molecules in TSC1 KO naive T cells to the impaired primary responses to bacterial infection.
While the quantity of memory cells was diminished in the absence of TSC1, we investigated the quality of the memory cells by using competitive adoptive transfers. In these experiments, memory TSC1 KO cells showed only moderate defects in expansion and cytokine production upon rechallenge, indicating a differential requirement of TSC1 for primary and memory CD8 cell responses to bacterial infection. Memory T cells differ from naive counterparts in both their migration patterns and their thresholds for activating stimuli (6) . It is possible that these differences may mitigate the effects of TSC1 deficiency on memory cells, allowing them to expand more efficiently than TSC1-deficient naive cells. Additionally, TSC1 KO CD8 memory cells may adapt their signaling machinery to compensate for the loss of TSC1 activity. Further studies are required to examine these possibilities.
In conclusion, our study identifies a critical role for TSC1 in the regulation of both the quantitative and qualitative aspects of antigenspecific CD8 responses and suggests that impaired proliferation, enhanced cell death, and altered effector-memory differentiation contribute to impaired CD8 responses in the absence of TSC1.
